Excited electronic states created by UV excitation of the diribonucleoside monophosphates ApA, ApG, ApC, ApU, and CpG were studied by the femtosecond transient-absorption technique. Bleach recovery signals recorded at 252 nm show that long-lived excited states are formed in all five dinucleosides. The lifetimes of these states exceed those measured in equimolar mixtures of the constituent mononucleotides by one to two orders of magnitude, indicating that electronic coupling between proximal nucleobases dramatically slows the relaxation of excess electronic energy. The decay rates of the long-lived states decrease with increasing energy of the charge-transfer state produced by transferring an electron from one base to another. The charge-transfer character of the long-lived states revealed by this analysis supports their assignment to excimer or exciplex states. Identical bleach recovery signals were seen for ApA, (A) 4, and poly(A) at delay times >10 ps after photoexcitation. This indicates that excited states localized on a stack of just two bases are the common trap states independent of the number of stacked nucleotides. The fraction of initial excitations that decay to long-lived exciplex states is approximately equal to the fraction of stacked bases determined by NMR measurements. This supports a model in which excitations associated with two stacked bases decay to exciplex states, whereas excitations in unstacked bases decay via ultrafast internal conversion. These results establish the importance of charge transferquenching pathways for UV-irradiated RNA and DNA in roomtemperature solution.
DNA excited states ͉ DNA photodamage ͉ electronic structure ͉ femtosecond spectroscopy E xcited electronic states created in DNA by UV light have been studied since the 1960s but have received a great deal of attention recently because of advances in experiment and theory (1) . These efforts are motivated by the desire to understand the photoreactions behind the genetic damage induced by UV light. There is also increasing interest in DNA and other arrays of -stacked chromophores as materials for optoelectronic applications (2) (3) (4) .
Striking differences have emerged between the dynamics of excited states in single bases and those in base assemblies. Excited states of single nucleobases and mononucleotides decay to the ground state primarily by ultrafast internal conversion in several hundred femtoseconds (5, 6) . The additional degrees of freedom in polymeric DNA might be expected to quench singlet excited states even more rapidly, but the lifetimes actually increase dramatically. Femtosecond transient absorption measurements reveal that excited states in oligo-and polynucleotides relax in tens to hundreds of picoseconds (1, (7) (8) (9) (10) .
Although there is consensus that electronic relaxation can take place orders of magnitude more slowly in DNA polymers, contradictory assignments have been proposed for the long-lived states. Crespo-Hernández et al. (8) assigned the long-lived excited states seen in (dA) 18 , (dA) 18 ⅐(dT) 18 , and (dAdT) 9 ⅐(dAdT) 9 , to excimers formed between -stacked bases on the same strand. This assignment is supported by their low radiative transition rates and by the red-shifted emission observed from DNA and RNA base multimers in low-temperature glasses (11) and in room-temperature solution (12, 13) . However, it was not shown that excitations are localized on just two bases as is the case in an excimer or exciplex.
Other investigators have made different assignments for the long-lived states. Markovitsi et al. (14) proposed that they are Frenkel excitons delocalized over several bases. Buchvarov et al. (10) wrote that an ''electronically relaxed exciton'' is responsible for the Ն100-ps lifetime in (dA) n . They concluded that the exciton has a ''1/e delocalization length'' of 3.3 Ϯ 0.5 bases from their analysis of pump-probe signals recorded several picoseconds after excitation. However, it is unclear what degree of delocalization Buchvarov et al. attribute to the electronically relaxed exciton responsible for the long-time signal.
In our view, the initial Frenkel excitons responsible for the strong UV absorption by DNA and RNA are not the same states seen at long times in the transient-absorption experiments (15) . Instead, the initial bright states decay or trap to much longerlived states localized on pairs of stacked bases. Recent theoretical studies provide support for this dynamic viewpoint (16, 17) . Here, we report a femtosecond transient-absorption study of several RNA dinucleoside monophosphates that provides strong support for this paradigm. Long-lived excited states are observed in all dinucleosides investigated, in yields that are approximately equal to the fraction of -stacked conformers in solution. The lifetimes are correlated with the energy of the state formed by transferring an electron from one base to its -stacked neighbor. Finally, comparison of the signals from these minimally sized -stacks with ones from longer sequences confirms the generality of our proposal that excited states in single-stranded nucleic acids rapidly trap to intrastrand exciplex states.
Results
In our experiments, a femtosecond UV pump pulse abruptly creates excited electronic states in the sample under study. The ensuing dynamics are monitored by the absorption of a femtosecond probe pulse at a chosen wavelength as a function of delay time between pump and probe pulses. The ground-state population is depleted when excited states are present, and this can result in a negative absorbance change (⌬A Ͻ0) at probe wavelengths where there is strong ground-state absorption. Bleach signals are seen in all dinucleosides for probing at 252 nm Author contributions: B.K. designed research; T.T., C.S., K.d.L.H., and C.E.C.-H. performed research; T.T., C.S., K.d.L.H., and C.E.C.-H. analyzed data; and T.T. and B.K. wrote the paper.
after excitation at 267 nm (Fig. 1) . The signals are biphasic, and nonlinear least-squares fitting reveals a dominant decay component with a time constant of Ϸ2 ps and a weaker decay characterized by a time constant of between 10 and 100 ps (Table  1) . This extends the earlier finding of picosecond relaxation in ApA (figure 18 in ref. 1) to additional nucleobase dimers. The 2 values for ApA and ApG were linked during fitting because the signals were kinetically indistinguishable within experimental uncertainty. Fig. 1 also shows signals recorded for equimolar mixtures of the constituent 5Ј-mononucleotides for each dinucleoside (hereafter referred to as ''monomer mixtures''). The signals were recorded in back-to-back measurements, and concentrations were adjusted so that all solutions had equal absorbance of 1.0 at the pump wavelength. Global fitting analysis reveals that the fast decay component ( 1 in Table 1 ) is the same within experimental uncertainty for each dinucleoside and its corresponding monomer mixture. In the AMP and UMP mixture, an additional decay component of 240 Ϯ 70 ps is observed. The same decay time is observed in a solution of UMP by itself, and is assigned to the 1 n* state (6) . The signature of the long-lived 1 n* state of CMP is not observed in the AMP ϩ CMP and GMP ϩ CMP mixtures because of the small fraction of light absorbed by CMP at the pump wavelength and because of the small absorption cross section of the 1 n* state at the probe wavelength.
Although the UV absorption spectra of the nucleobases overlap significantly, slight shifts allow the character of the initial excited state in a dinucleoside composed of two different bases to be altered by tuning the excitation wavelength. To explore this possibility, transients were recorded for ApC at two widely separated excitation wavelengths (267 and 290 nm) with probing at 252 nm. As shown in Fig. 2 , the signals are identical at delay times greater than 10 ps, but the fast decay component seen for excitation at 267 nm is completely absent at 290 nm.
Bleach recovery signals for ApA, (A) 4 , and poly(A) are compared in Fig. 3 . All three signals have short-and long-lived components. The ratio of the amplitude of the long-lived decay to the maximum bleach signal near time zero increases with the number of bases (Fig. 3a) . When the signals are normalized at 
The fitting function was a sum of up to three exponentials, ¥i Aiexp(Ϫt/i), plus a constant offset. Parameters marked with dashes were not used in fitting. Parameters marked with Љ were globally linked to the row above in fitting. Errors are twice the standard deviation (2). 10 ps, the decays at longer times are the same within experimental uncertainty (Fig. 3b ).
Discussion
The fast decay component in the bleach recovery signal of each dinucleoside has the same lifetime ( Ϸ 2 ps) as in the corresponding monomer mixture. Following the model first described by Crespo-Hernández et al. (8) , this signal component is assigned to excited states of unstacked bases, which are assumed to decay by the same nonradiative decay pathways available to mononucleotides. Although the population returns to the electronic ground state in hundreds of femtoseconds, the bleach signals recover in aqueous solution with a characteristic time constant of Ϸ2 ps, which is assigned to the rate-limiting step of vibrational energy transfer to the environment (6, 8, 18) .
The slow picosecond component indicates that comparatively long-lived excited states are formed in these base dimers. These states are absent in equimolar mixtures of the constituent mononucleotides, proving that they form only when two bases are in close spatial proximity. Long-lived excitations in DNA and RNA homopolymers form preferentially in -stacked base sequences (7). We argue below that the long-lived excited states seen here are formed only in -stacked conformers after presenting evidence that the long-lived states involve interbase charge transfer.
Long-Lived Excited States Are Exciplexes. Emission from 2-aminopurine (2AP), a structural isomer of adenine, is thought to be quenched by electron transfer with the natural bases in DNA (19, 20) , although this is disputed by some workers (21, 22) . The natural bases have comparable ionization energies and electron affinities as 2-aminopurine, and their lowest singlet excited states lie even higher in energy. These factors make interbase electron transfer among the natural nucleobases highly plausible. We propose that the quenching of 2AP fluorescence in DNA and the formation and decay of the long-lived excited states reported here are caused by the same phenomenon-electron transfer between -stacked bases.
The long-lived excited states are assigned to interbase chargetransfer states in which an electron is transferred, at least partially, from one base to a -stacked neighbor. Previously, we referred to these states as excimers and emphasized their charge transfer character (8) . In the electron-transfer literature, such states are frequently referred to as exciplexes, and we will adopt this term here to underscore the expected dominance of chargetransfer configurations in the excited-state wave function. The distinction usually made between excimer and exciplex, based on whether the two interacting molecules are identical or not, is unfortunate because it obscures their common dependence on locally excited and charge-transfer configurations.
The exciplex states decay by charge recombination on the picosecond timescale. In support of this assignment, the rate of decay (1/ 2 ) decreases logarithmically as the thermodynamic driving force for charge recombination increases (Fig. 4) . The driving force was estimated as the gas-phase ionization energy (IP) of the electron donor base minus the gas-phase electron affinity (EA) of the acceptor base (Table 2 ). This neglects solvation and Coulombic stabilization, but these effects, although substantial, are similar in magnitude for all base dimers. The use of gas-phase quantities provides a consistent dataset for all nucleobases and avoids issues with follow-on reactions and solvent effects on redox data (23) . Importantly, the use of solution-phase redox potentials does not change the quality of the correlation in Fig. 4 .
Correlation between the rate of decay of an excited state and IP-EA is diagnostic of electron transfer. The slowing down of charge recombination with increasing energy of the exciplex state is seen for diverse geminate radical-ion pairs (24) . It is consistent with the frequent observation that highly exothermic electron-transfer reactions frequently fall in the Marcus-inverted region. However, the approximately linear correlation in Fig. 4 is also characteristic of the weak coupling limit in radiationless transitions, so we considered whether the energies of the expected Frenkel exciton states vary in the same way as the proposed exciplex states. Calculations have shown that the dipolar coupling that determines the splitting between excitonic states is no greater than several hundred cm Ϫ1 for -stacked bases (25, 26) . This is small compared with the monomer transition frequencies. Thus, A and U, which have the highest singlet energies (1), should have comparably high energy exciton states, yet ApA and ApU have radically different lifetimes. This proves that the observed rates of decay are best correlated with the energies of exciplex states and not those of Frenkel excitons.
Forward electron transfer was assumed to occur in the direction that yields the lowest-energy exciplex. For most of the dinucleosides studied, this corresponds to electron transfer from a purine to a pyrimidine base. Although pyrimidine bases are better electron acceptors than the purines (27), the latter bases combine an electron-deficient pyrimidine ring and an electronrich imidazole ring. This could lead to electron transfer in a specific direction in purine-purine dimers like ApA and ApG because of differences in electronic coupling arising from basebase overlap (28) . The directional asymmetry of electron transfer quenching of 2-aminopurine fluorescence in DNA has been extensively discussed by Barton and coworkers (29) . Electron transfer in ApG is plausibly from G, the most readily oxidized base, to A, but the energy of neither the A Ϫ pG ϩ nor the A ϩ pG Ϫ exciplex is well correlated with the observed rate. One possibility is that the guanine radical cation can undergo deprotonation to the solvent (30) in competition with charge recombination. Alternatively, a lower degree of charge separation in the purinepurine dimers could be responsible for the deviations in Fig. 4 . The rate of exciplex formation is not observable in these measurements because the first 10 ps of dynamics are obscured by vibrational cooling of the monomer-like excited states and by the strong two-photon absorption signal of the solvent at zero delay time. The faster initial decays of transient absorption signals at visible wavelengths (1, 8) suggest that 1 ps may be an upper bound for the time required for exciplex formation. Importantly, electron transfer between 2AP and natural DNA bases has recently been proposed to occur in Ͻ200 fs from an unequilibrated singlet excited state (31).
Influence of Excitation Wavelength on the ApC Exciplex State.
The absorption cross-section of A is 1.5 times greater than that of C at 267 nm, but at 290 nm, C absorbs Ͼ20 times more strongly than A. There is thus negligible excitation of A in ApC at 290 nm. The transient signals recorded for ApC at excitation wavelengths of 267 and 290 nm (Fig. 2) are in excellent agreement at times Ͼ10 ps, indicating that excitation of either A or C populates the same final exciplex state. Red-shifted exciplex emission from ApC at 77 K is also independent of excitation wavelength (32) .
The short-time signals from ApC are strikingly different for the two excitation wavelengths. At a probe wavelength of 252 nm, the short-time vibrational cooling signal from CMP is extremely weak but is readily observable in AMP (6) . The absence of any fast signal decay at 290 nm allows two important conclusions to be reached. First, there is no transfer of excitation energy to unstacked A bases. Second, because the monomer-like signals are not detectable when pumping at 290 nm and probing at 252 nm, the signals are attributable solely to collective excitations in -stacked bases. The absence of a fast component indicates that these excited states evolve comparatively slowly with no ultrafast branching to the electronic ground state. The slow and fast signals are thus assignable to different excited-state populations and can be used to estimate exciplex yields as we now show.
Exciplex Quantum Yields. The small separation of 3.4 Å between stacked bases facilitates charge-transfer quenching of excited 2AP (29, 33) . It is also responsible for the excimer/exciplex fluorescence seen from excited dinucleosides at 77 K (34). The slow decay component observed in UV-excited DNA and RNA polynucleotides is attenuated at elevated temperatures that disrupt base stacking (7) . This suggests that long-lived excited states are formed only in regions where the bases are well stacked (8) . Although a wide range of conformations are thermally accessible for adjacent bases in single-stranded DNA (35), we analyze our results with a two-state model in which bases are either stacked or unstacked (Fig. 5) . A two-state model has been shown to explain CD and temperature-dependent UV/vis absorption spectra of DNA base multimers (36) .
As discussed above, the wavelength-dependent transients from ApC reveal that the short-and long-time signals arise from distinct excited-state populations. The 2 decay is assigned to excitations that result from electronic coupling between -stacked bases, and the 1 decay is assigned to monomer-like relaxation by unstacked bases. The signal from unstacked dinucleoside conformers is assumed to be identical in amplitude and dynamics to the signal that would be observed if the bases were present in the same concentrations as mononucleotides.
Comparison of the amplitude of the short-lived dinucleoside signal with the short-lived signal amplitude from an equimolar mixture of the constituent nucleotides provides a measure of the extent of monomer-like decay. In this case, the quantum yield of long-lived excited states, f e , can be calculated from back-to-back measurements on equal absorbance solutions by using Eq. 1,
In this equation, A 1 d and A 1 m are the amplitudes of the short-lived component in the dinucleoside and monomer mixtures, respectively, and h is the hypochromicity of the dinucleoside at the pump wavelength.
We estimated f e (see Table 3 ) from the fit parameters in Table  1 for the adenine-containing dinucleosides using Eq. 1. Hypochromicity values at max from ref. 37 . were used with the assumption that they differ insignificantly from h at 267 nm. The exciplex yield is very similar for all five dinucleosides even though 2 varies over a wide range. For ApU and AMP ϩ UMP, the sum of A 1 and A 3 was used in place of A 1 in Eq. 1 to account for the 1 n* state of UMP. The degree of base stacking has been estimated for many dinucleosides by NMR (38, 39) and CD spectroscopy (40-42). As summarized in Table 3 , the exciplex Fig. 5 . Kinetic model for excited-state decay in DNA. Fundamentally different relaxation pathways are postulated for stacked and unstacked conformers as illustrated for the dinucleoside ApC. The bases in -stacked structures are in van der Waals contact, and the resulting electronic coupling produces an exciton state upon UV excitation. This initial exciton decays on an ultrafast timescale to an exciplex or charge-separated state, which subsequently decays to the electronic ground state with a time constant 2. When bases are poorly stacked, a local excited state is produced that decays on an ultrafast time scale to a hot ground state that thermalizes with time constant 1.
yields calculated with Eq. 1 are comparable to or slightly less than the fraction of stacked bases estimated by NMR, whereas CD experiments provide slightly higher estimates. These differences could indicate that the two techniques are sensitive to different conformational characteristics. Although the reduction to just two conformational states, stacked or unstacked, can be criticized, a reasonable conclusion is that most excitations in stacked bases decay to exciplexes (8) .
Exciplex Lifetimes Are Independent of the Number of Stacked Bases.
Longer base stacks in base multimers could lead to delocalization of excitations over more than two bases (10, 25) . Increasing excited state delocalization could lead to length-dependent signals, but identical dynamics are seen in ApA, (A) 4 , and poly(A) from 10 ps onwards (Fig. 3) . This is strong evidence that long-lived excited states in runs of adenine bases are the same ones observed in ApA. We conclude that the initial excitons, which may exhibit length-dependent delocalization (10), decay to a common trap state localized on a pair of nearest-neighbor bases no later than a few picoseconds after excitation. As discussed above, this decay is likely to occur on the femtosecond time scale.
An important question is whether an exciplex can migrate along the DNA helix perhaps in response to backbone fluctuations induced by the environment. This raises important parallels with charge transport in DNA (19, 28, (43) (44) (45) (46) . Instead of motion of a single electron or hole, exciplex diffusion requires motion of a bound electron-hole pair. Even though the exciplex states live for many picoseconds, they are nonetheless short-lived compared with the lifetimes of nucleobase radicals (43) , and this will further constrain the achievable distances. The identical signals seen at times Ͼ10 ps for ApA and poly(A), which contains hundreds of adenine bases, suggest that exciplex migration, at least in A tracts, can be neglected at room temperature or involves too small a fraction of the total exciplex population to be detectable in our experiments.
Conclusions
DNA damage by UV light is governed by relaxation pathways for excess electronic energy: Excited states either evolve to photoproducts or decay harmlessly to the electronic ground state. This work shows that the long-lived excited states seen in longer DNA model systems (7) (8) (9) (10) 13) are formed in stacks of just two bases. The good correlation between the measured lifetimes and the driving force for charge recombination supports assignment to exciplex states created by interbase charge transfer. Long-lived signals in ApA are dynamically indistinguishable from ones in longer homoadenine sequences, indicating that a common exciplex state spanning two stacked bases is formed in all systems. Exciplexes are not formed directly but are populated rapidly from initial Frenkel excitons, which are radiatively brighter. This model, which is supported by a recent computational study (17) , readily explains the dramatic differences between transient absorption and fluorescence experiments (14, 15) . It also underscores the importance of both Frenkel excitonic and chargetransfer interactions in assemblies of -stacked chromophores (8, 16, 47) .
Although the precise effects of base pairing must still be elucidated, the high yields of exciplex formation in base-stacked dinucleosides suggest that decay to exciplex states is the dominant decay channel in general nucleic acids. The photostability of the DNA double helix is thus built on fundamentally different nonradiative decay mechanisms than the ones found in single bases (1, 48, 49) . A central conclusion from this study is that relaxation pathways for excess electronic energy in DNA are determined primarily by its -stacked architecture and not by the photophysical properties of its building blocks. Schreier et al. (50) provided evidence recently that thymine dimer formation in DNA is determined largely by conformational properties at the instant of excitation. It is apparent that DNA photophysics and photochemistry are controlled to a great extent by the -stacking interactions that in large measure define DNA structure. The sensitivity of excited-state dynamics to conformational properties could therefore lead to methods for probing rapidly evolving structures in nucleic acids.
Methods
Transient absorption signals were recorded by using the amplified output of a femtosecond Ti:sapphire laser (Mira/Legend; Coherent at 50 fs, 800 nm, 1 kHz), which was divided to generate pump and probe pulses. One portion of the output was converted to the third harmonic (267 nm) and used as pump light in most experiments. The other portion was passed through optical parametric amplifiers (OPerA with SFG UV and UV/VIS options; Coherent) to produce pulses at 252 or 290 nm. The probe light transmitted through a sample was dispersed with a monochromator and detected by a photomultiplier tube. Changes of probe-light intensity were detected by a lock-in amplifier referenced to an optical chopper that modulated the pump beam. The angle between pump and probe-light polarizations was 54.7°to measure reorientation-free signals.
Five dinucleoside monophosphates were used for the transient-absorption experiments. The free acid of ApA and the ammonium salt of ApG were purchased from Sequoia Research Products. The free acid of ApC and CpG were purchased from Sigma-Aldrich. The ammonium salt of ApU was purchased from MP Biomedicals. The 5Ј-monoribonucleotides AMP, GMP, CMP, and UMP, and the potassium salt of poly(A) were purchased from SigmaAldrich. The ammonium salt of (A) 4 was purchased from Midland Certified Reagent Company. All samples were used without further purification. Compounds were dissolved in a pH 7 phosphate buffer solution, and all measurements were carried out at room temperature. Solutions did not contain added salt, and the total ionic strength was determined solely by the phosphate buffer. The low ionic-strength conditions used in our experiments are not expected to influence the stacking-unstacking equilibrium or other conformational properties because dinucleosides have a single charged-phosphate group. Varying the ionic strength between 0.01 and 1.0 had no effect on the stacking equilibrium for ApA (36) . Control experiments on ApA and ApU confirmed that identical signals were observed with and without added 0.1 M NaCl. Samples were held between CaF 2 (front) and fused silica (back) windows separated by 1.2 mm and rotated at several hundred revolutions per minute. All sample solutions were prepared to have an optical density of 1 at the pump wavelength as determined by a commercial UV/vis spectrometer (Lambda 25; PerkinElmer). Photodegradation of the samples during experiments was periodically monitored by recording UV/vis spectra and were replaced with fresh ones if significant spectral changes were observed.
Fit functions were convoluted with a Gaussian with a full-width at halfmaximum of 230 fs. This value was determined from the two-photon absorption signal measured for UV pump and probe wavelengths in pure water. Because the lifetime of the short-lived component for each dinucleoside was very similar to the lifetime observed for the equimolar mononucleotide mixture, these lifetimes were linked during global fitting. All reported uncertainties are twice the standard deviation (2). 
